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PREFACE 


This  is  the  final  report  on  a program  conducted  by 
AiReaearch  Manufacturing  Company  of  Arizona,  a Division  of 
The  Garrett  Corporation,  for  the  U.S.  Army  Mobility  Equipment 
Research  and  Development  Center  CUSAMERDC)  to  design,  develop, 
fed>ricate,  test,  and  deliver  to  the  government  a fluidic  fuel 
and  air  bleed  load  control  system  for  application  on  an 
AiResearch  Model  GTCP85-180  gas  turbine  engine. 

The  progreua  was  authorized  by  USAMERDC  Contract  DAAG53-76- 
C-0012  and  was  conducted  during  the  period  from  August  25,  1975, 
through  August  25,  1976,  under  AiResearch  Master  Work  Order 
3209-214757-01-0100.  Mr.  Robert  N.  Ware,  Code  STSFB-EP, 
USAMERDC,  Fort  Belvoir,  Virginia,  and  Mr.  John  Goto,  Harry 
Diamond  Laboratories,  Adelphi,  Maryland,  administered  the 
program  for  the  Army. 

Publication  of  this  report  does  not  constitute  U.S.  Army 
(MERDC)  approval  of  the  findings  or  conclusions  presented 
herein. 
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1. 


INTRODUCTION 


1.1  BACKGROUND  AND  OBJECTIVES 

As  a major  manufacturer  of  gas  turbine  engines  and  acces- 
sories, AiResearch  has  maintained  an  active  interest  in  fluidics 
for  more  than  eleven  years.  Research  in  fluidics,  initiated  with 
the  intent  of  applying  fluidic  control  and  sensing  concepts  to 
AiResearch-manufactured  products,  has  resulted  in  development  of 
all  necessary  basic  fluidic  circuit  components,  as  well  as 
special  sensors  for  control  of  such  parameters  as  shaft  speed, 
pressure,  pressure  ratio,  temperature,  acceleration,  emgular 
rate,  and  position.  In  addition,  AiResearch  has  developed 
special  photochemical  etching  and  bonding  techniques  that  are 
used  to  manufacture  completely  integrated  fluidic  control  cir- 
cuits. Fluidic  control  systems  are  presently  in  production  for 
several  aerospace  applications.  These  include  a speed  emd  torque 
control  system  for  the  thrust  reverser  on  the  General  Electric 
CF6  engine  on  the  McDonnell  Douglas  DC-10  airplane,  a reim  air 
pref>sure  regulator  on  the  Lockheed  S-3A  airplane,  and  a speed 
control  for  the  air  motor  on  the  Concorde  SST  thrust  reverser 
and  engine  nozzle  control  system. 

It  has  long  been  recognized  that  the  ability  of  fluidic 
circuits  to  operate  in  hostile  environments  makes  this  technology 
well  suited  to  fuel  control  applications  on  gas  turbine  engines. 
Utilizing  the  availed^le  compressor  discharge  pressure  as  a con- 
trol parzuneter  and  functional  compressor  flow  as  the  operating 
fluid,  integral  control  systems  may  be  designed  which  do  not 
require  external  power  supplies.  In  addition,  studies  pertaining 
to  reliability  and  cost  have  revealed  considerable  advantage  for 
fluidics  when  compared  with  other  technologies. 

In  early  1974,  USAMERDC  awarded  AiResearch  a contract  to 
develop  a fluidic  fuel  control  for  a small  recuperated  gas 
turbine  engine  used  to  provide  standby  or  portzUsle  electrical 
power.  Based  upon  the  engine  requirements  for  speed  and  exhaust 
temperature  regulation,  a breadboard  fluidic  control  was  fabri- 
cated. This  control  drew  heavily  upon  the  technology  developed 
during  previous  control  prograuns. 

Successful  completion  of  the  progreun  described  above,  and 
many  other  related  sensor  and  transducer  development  prograuns  at 
AiResearch,  has  confirmed  the  suitability  of  applying  fluidic 
technology  to  the  control  requirements  associated  with  small  gas 
turbine  engines.  For  the  most  part,  however,  these  programs  have 
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dealt  with  one-of-a-kind  applications  with  s\ibsequent  limited  ‘ . 

exposure  to  conditions  encountered  in  the  field.  In  addition, 
the  breadboard  configuration  of  these  units  has  not  provided 
information  directly  applicable  to  production-type  hardware.  J 

Therefore,  the  present  program  was  formulated  to  lead  to  r 

the  fabrication  of  a fluidic  control  system  which  can  be  applied  j 

to  engines  under  a variety  of  operating  conditions.  Field  eval-  : 

uation  data  from  these  units  can  then  be  obtained  which  will 
result  in  a new  generation  of  controls  with  improved  reliability 
and  reduced  cost  of  ownership  when  compared  with  current  systems. 


To  realize  the  greatest  possible  range  of  field  exposure,  a 
fluidic  fuel  control  system  designed  to  operate  with  a gas  tur- 
bine engine  utilized  by  all  three  military  services  was  selected, 
the  AiResearch  Series  85  gas  turbine.  In  Navy  emd  Air  Force 
applications,  this  engine  is  used  to  provide  electrical  and 
pneumatic  power  for  aircraft  main  engine  starting  and  support 
while  on  the  ground.  The  engine  is  used  by  the  Army  for  genera- 
tion of  electrical  power  for  standby  and  portedile  emergency 
operation  in  the  field.  Although  these  applications  require 
different  engine  models,  the  fuel  control  functions  are  similar 
and  direct  exchange  is  possible  through  recalibration  procedures. 
The  specific  unit  chosen  for  the  proposed  program  is  Model 
GTCP85-180. 

1.2  STATEMENT  OF  WORK 

The  scope  of  work  in  the  development  of  the  fluidic  control 
system  included  the  following  tasks. 

TASK  A DESIGN  AND  FABRICATE  A PROTOTYPE  CONTROL 
SYSTEM  TO  MEET  THE  PERFORMANCE  REQUIRE- 
MENTS IN  AIRESEARCH  MODEL  SPECIFICATION 
NO.  SC-5990B,  DATED  JUNE  27,  1973 

TASK  B CONDUCT  BENCH  TESTS  TO  CONFIRM  STEADY- 
STATE  PERFORMANCE 

TASK  C CONDUCT  TESTS  WITH  CONTROL  SYSTEM  ON 

ENGINE  TO  CONFIRM  DYNAMIC  RESPONSE  AND 
ACCURACY 

TASK  D FINALIZE  DESIGN  AND  UPDATE  DRAWINGS 
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1.3  PROGRAM  SOIEDULE 


A bar  chart  representation  of  the  program  schedule  showing 
the  more  important  program  steps  and  their  periods  of  completion 
is  given  in  Figure  1. 

2.  INVESTIGATION 

2.1  DESIGN 

2.1.1  Design  Analysis 

2. 1.1.1  Existing  Control  System  - The  control  system  currently 
used  on  the  subject  engine  consists  of  seven  discrete  items  as 
shown  in  Figure  2.  The  load  valve  is  used  to  limit  bleed  air- 
flow extraction  from  the  engine  compressor  to  prevent  excessive 
exhaust  temperature.  The  fuel  control  regulates  fuel  flow  for 
engine  starting,  proportional  speed  governing,  and  exhaust 
temperature-limiting  during  starting.  The  thermostat  senses 
exhaust  temperature  and  serves  as  an  input  to  both  the  fuel 
control  and  load  valve.  All  three  irems  are  powered  by  air 
pressure  extracted  from  the  engine  compressor.  The  regulator 
(Part  108032-3)  is  required  in  the  system  to  estedslish  the  gain 
of  the  thermostat.  The  check  valve  emd  solenoid  (Parts  968390-1 
and  692546-1,  respectively)  are  used  to  inhibit  the  input  of  the 
thermostat  to  the  fuel  control  after  engine  starting.  This  is 
necessitated  by  the  fact  that  the  thermostat  is  a single,  set- 
point  device  and  cannot  be  used  as  an  input  to  both  the  load 
valve  and  fuel  control  simultaneously.  A 95-percent-speed  elec- 
trical signal  to  the  load  valve  and  solenoid  is  used  to  transfer 


the  thermostat  input  from  the  fuel  control  to  the  load  valve 


The  electrical  fine-speed  control  (Part  305136)  senses 
alternator  frequency  and  electrically  resets  the  fuel  control 
to  provide  precise  (±1/4  percent)  speed  control  regardless  of 
load. 


Through  analysis  and  testing  of  the  existing  control  compo 
nents,  it  was  determined  that  the  gas  turbine  is  presently  con- 
trolled according  to  the  following  equation: 


1975  1976 


REVISION 


where 


Pp^  a Fuel  atomizer  pressure,  psi 


13  Pp-  » Positive  compressor  pressure  feedback 
for  engine  starting,  psi  per  psi 

60  a Initial  or  light-off  atomizer  pres- 
sure, ps: 

1.68  Tse  a Negative  exhaust  gas  temperature  error 
feedback,  psi  per  degree  F 

150  Ne  9 Negative  speed  error  feedback,  psi 
per  rpm 

Other  performance  requirements  of  the  control  system 
include: 

1.  Atomizer  pressure  range  of  60  to  600  psi 

2.  Governed  speed  (N)  set  point  4200  rpm  (at  the 
fuel  pump  shaft) 

3.  Governed  speed  (N)  set  point  linearly  resetable 
by  electrical  input 

4.  Exhaust  gas  temperature  (T5)  set  point  1200F 

In  addition,  the  system  provides  control  of  the  load  valve 
according  to  the  equation: 


15  - 0.05  Tse 


where 

a The  differential  pressure  across  the 
load  valve  diaphragm,  psid 

15  Initial  value  which  holds  the  valve 
open,  psid 

0.05  Tse  a Negative  exhaust  gas  error  feedback, 
degrees  F 

Since  the  subject  engine  is  currently  qualified  and  accep- 
tance tested  to  AiResearch  Model  Specification  Number  SC-5990B 
using  a control  system  with  the  characteristics  given  in 
Equations  (1)  and  (2),  these  same  functions  were  selected  as 
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the  design  goals  for  the  fluidic  system.  It  was  also  realized 
that  the  gain  terms  might  have  to  be  adjusted  somewhat  as  a 
result  of  engine  testing  in  order  to  condensate  for  the  dif- 
ferences in  dynamic  response  between  the  existing  control  and 
the  fluidic  control. 

2. 1.1. 2 Fluidic  Control  System  - The  fluidic  control  system  is 
composed  o£  four  discrete  components  as  shown  in  Figure  3.  The 
fuel  and  bleed  load  control  (Part  710518-1),  as  its  neune  implies, 
performs  two  basic  functions.  It  regulates  fuel  flow  for  engine 
starting  and  proportional  speed  governing,  emd,  at  speeds  cdsove 
95  percent,  provides  inputs  to  the  bleed  load  valve. 

The  bleed  load  valve  (Part  109772-1)  is  used  to  limit  bleed 
load  extraction  from  the  engine  compressor  to  prevent  excessive 
exhaust  gas  temperature.  This  valve  is  very  similar  to  the 
normal  valve  used  on  the  engine  with  the  exception  that  several 
solenoid  parts  have  been  deleted  and  a fluidic  circuit  has  been 
added.  The  fluidic  temperature  sensor  (Part  710552-1)  monitors 
engine  exhaust  gas  temperature  emd  serves  as  an  input  to  the 
fuel  and  bleed  load  control. 

As  in  the  existing  system,  the  electronic  fine  speed  con- 
trol (Part  305136)  senses  alternator  frequency  and  electrically 
resets  the  fuel  control  to  provide  precise  (il/4  percent)  speed 
control  regardless  of  speed. 

These  various  control  functions  are  summarized  in  block 
diagram  form  in  Figure  4.  Figure  5 shows  these  functions  in 
more  detail  and  reveals  the  almost  entirely  fluidic  mechaniza- 
tion employed  in  the  control.  As  shown,  the  engine  speed  is 
sensed  by  an  interrupted- jet,  pulse  generator  with  the  output 
frequency  amplified  and  rectified  by  a series  of  flueric  (no 
moving  parts)  fluidic  amplifiers.  The  pressure  level  output  of 
these  stages  is  then  compared  with  a pneumatic  pressure  reference 
representing  the  desired  engine  speed  and  the  difference  (or 
speed  error)  is  further  amplified. 

Exhaust  gas  temperature  (T5)  is  detected  by  a sonic  oscil- 
lator flueric  sensor  which  produces  a pneumatic  frequency  pro- 
portional (in  the  operating  range)  to  exhaust  temperature.  This 
signal  is  amplified  and  rectified  by  a series  of  flueric  6unpli- 
flers  and  compared  with  a pneumatic  pressure  reference  which 
represents  the  maximum  allowable  temperature.  If  the  maximvim 
is  exceeded,  an  error  signal  is  generated  which,  after  amplifi- 
cation, is  transmitted  to  the  load  valve  and  to  a summing  junc- 
tion. The  signal  transmitted  to  the  load  valve  is  used  to  close 
the  valve  and  reduce  bleed  load.  The  signal  transmitted  to  the 
summing  junction  is  combined  with  the  speed  error  signal  and  a 
pressure  proportional  to  compressor  discharge  pressure.  The 
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Figure  5.  Fluidic  Fuel  Control  Block  Diagreun 
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resulting  summation  is  further  amplified  to  produce  the  signal 
Pp  which  will  be  referred  to  hereafter  as  the  fluidic  pressure. 

This  fluidic  pressure  is  then  applied  to  a unique  fuel  metering 
system  which  serves  to  modulate  fuel  flow  to  the  engine. 

The  fuel  metering  system  is  depicted  schematically  in 
Figure  6.  As  shown,  fluidic  air  pressure,  from  the  circuits 
described  eUsove,  acts  through  a diaphragm,  lever,  and  pivot  to 
move  or  deflect  a flexible'*duct  valve.  As  the  duct  is  brought 
into  alignment  with  its  nozzle  port,  a greater  percentage  of 
fuel  pump  discharge  pressure  is  recovered,  thereby  raising  fuel 
atomizer  pressure.  This  pressure  is  sensed  by  a small  fuel 
diaphragm,  thus  providing  a feedback  force  to  rebalance  the 
lever.  Fuel  flow  not  recovered  by  the  flex-duct  valve  is  col- 
lected in  the  vent  area  of  the  valve  and  returned  to  fuel  pump 
inlet.  Adjustment  of  the  start  flow  screw  sets  the  initial 
nozzle  pressure  required  at  engine  light-off  (60  psi  in  the 
control  Equation  (1)). 

To  provide  for  some  adjustability  of  the  engine  start 
schedule  (see  Equation  (1)),  a ratio  of  fuel  atomizer  to  com- 
pressor pressures  of  13.5,  rather  them  13,  was  selected.  This 
ratio  could  then  be  reduced  to  the  desired  value  during  calibra- 
tion by  orificing  the  compressor  pressure  supply  to  the  last 
fluidic  cunplifier.  It  was  further  estimated  that  the  lowest 
pressure  recovery  which  could  be  expected  from  this  last  eunpli- 
fier  would  be  50  percent.  The  minimum  required  gain  of  the  fuel 
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metering  system,  therefore,  was  established  as  or  27.0  psi 

atomizer  pressure  per  psi  fluidic  pressure. 

Figure  7 shows  the  diaphragm  areas  selected  to  yield  this 
metering  valve  gain.  It  should  be  noted  that  the  high  (10,000 
psi  per  inch)  gain  of  the  flex-duct  valve  makes  the  system  vir- 
tually independent  of  spring  rate  and  lever  ratio.  A 0.5-inch 
nominal  dieuneter  was  selected  as  the  smallest  practical  size  for 
the  fuel  diaphragm,  which  choice  then  resulted  in  a 2.66-inch 
diameter  air  diaphragm. 

Dynamic  analysis  of  the  complete  fuel  metering  valve  system 
revealed  that  an  orifice  of  0.020-inch  diameter  in  the  feedback 
path  was  required  to  provide  critical  damping  of  the  valve. 

2.1.2  Fluidic  Circuit  Design 

2. 1.2.1  Speed  Circuit  - The  fluidic  circuitry  employed  to 
generate  tne  required  control  equations  is  shown  schematically 
in  Figure  8.  As  shown,  the  circuit  is  divided  into  three  groups 
which,  in  the  final  system,  are  discrete  bonded  "stacks".  The 
speed  circuit  ("N"  stack)  is  designed  to  convert  pneumatic 
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Figure  7.  Metering  Valve  Steady-State  Gain 


Figure  8.  Fluidic  Circuit  Schematic 


pulsations  from  the  gear-pump-mounted,  five-bladed  "chopper”  to 
an  analog  differential  pressure  which  is  proportional  to  speed. 
Early  in  the  program  it  was  decided  that  the  fluidic  circuits 
would  be  operative  at  as  low  a speed  (and,  therefore,  con^ressor 
pressure)  as  possible.  Therefore,  regulated  supply  pressure  was 
selected  as  3.0  psig  and  the  circuit  exhaust  or  vent  pressure 
was  selected  as  axnbient.  It  was  realized  that  using  such  a 
gauge  differential-pressure,  supply  system  would  result  in 
shifts  in  circuit  gain  and  set  point  with  altitude  and  tempera- 
ture variations  for  the  normal  frequency  to  analog  circuit. 
Accordingly,  a new  circuit  was  devised  which  can  be  compensated 
for  these  two  variables. 

As  shown,  amplifiers  1 and  2 shape  the  pulse  derived  from 
the  "chopper"  euid  feed  two  paths,  the  undelayed  and  delayed 
paths,  which  begin  with  amplifiers  3 and  5,  respectively.  The 
delayed  path  5 through  11  consists  of  a series  of  proportional 
and  digital  eunplifiers  as  well  as  capillary  resistors. 

Due  to  the  transport  time  associated  with  each  of  the  ele- 
ments in  both  paths,  a phase  shift  in  the  output  of  amplifier  11 
with  respect  to  amplifier  4 will  occur  which  increases  with 
chopper  input  frequency.  Since  the  output  of  cunplifiers  11  and  4 
are  summed,  the  relative  "on"  versus  "off"  time  of  the  rectifier, 
14,  will  be  proportional  to  input  frequency.  Ripple  on  this 
signal  is  attenuated  by  means  of  resistor  16  and  volume  17. 

Experimental  data  has  revealed  that  the  transport  time  of 
these  elements  vary  with  changes  in  temperature  and  supply  pres- 
sure (altitude)  in  unique  and  dissimilar  ways.  By  adjusting  the 
number  and  types  of  these  elements,  the  total  delay  time  of 
path  5 to  11  with  respect  to  path  3 to  4 will  remain  constant 
at  a given  frequency  over  the  environmental  range  of  interest. 

Elements  12  and  13  also  detect  the  phase  difference  between 
the  two  paths;  however,  their  outputs  are  summed  with  reverse 
sign  to  that  of  4 and  11  such  that  rectifier  15  is  "off"  when 
rectifier  14  is  "on"  and  vice  versa.  This  arrangement  allows 
for  a differential  output  from  the  speed  circuit  with  conse- 
quently higher  gain. 

Speed  set  point  adjustment  is  provided  by  biasing  the 
filtered  output  level  of  rectifier  15  with  a pressure  signal 
derived  from  supply  pressure  (see  18) . 

2. 1.2. 2 Tfflnperature  Circuit  - The  fluidic  temperature  circuit 
("T”  stack)  operates  in  exactly  the  saune  manner  as  the  speed 
circuit  described  above,  except  that  its  input  is  derived  from 
a sonic  oscillator  temperature  sensor  installed  in  the  engine 
exhaust  pipe. 
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Anqpllf ication  (elements  19  through  21)  of  the  teiq>erature 
error  signal  is  provided  in  the  "T”  stao)c  from  which  two  signals 
are  derived,  euid  P^.  P^.^  decreases,  thereby  closing  the 

load  valve  for  temperatures  2d>ove  the  desired  maximum,  while  P^ 

Increases.  The  resulting  action  of  the  latter  signal  will  be 
discussed  in  the  following  section. 

2. 1.2. 3 Summation  Circuit  - The  summation  circuit  ("S"  stack), 
as  its  name  implies,  performs  a summation  of  the  speed  and  tem- 
perature error  signals  as  well  as  inputs  from  the  electronic 
fine  speed  control,  amplifies  the  result,  and  drives  the  meter- 
ing valve  diaphragm.  The  device  used  to  convert  electrical 
signals  from  the  fine  speed  control  is  the  AiResearch-patented 
electrofluidic  transducer,  element  22.  This  device  consists  of 
a permanent  magnet  surrounding  a wire-wound  bobbin  which  is  sup- 
ported from  the  magnet  by  a cruciform  flex  pivot.  Extending 
from  the  bobbin  is  a small  diameter  pin,  the  opposite  end  of 
which  is  inserted  into  the  interaction  region  of  a fluidic 
amplifier.  When  the  windings  of  the  coll  are  energized,  a 
torque  is  produced  which  deflects  the  bobbin  against  the  spring 
rate  of  the  flex  pivot  and  the  pin  moves  laterally  with  respect 
to  the  power  jet  of  the  fluidic  eunpllfier.  This  action  deflects 
the  power  jet  £urid  produces  a pressure  differential  in  the  output 
ports  of  the  amplifier.  The  electrofluidic  (E/F)  transducer  is 
shown  schematically  in  Figure  9. 

Referring  again  to  Figure  8,  the  output  of  the  E/F  trans- 
ducer is  svunmed  with  the  speed  error  signal  and  the  result  is 
amplified  by  elements  23  through  25.  At  this  point  the  tempera- 
ture error  signal,  P_,  is  introduced  through  amplifier  26.  It 
should  be  noted  thaf^the  temperature  error  signal  is  a "single- 
sided"  input  to  the  "S"  stack  because  its  function  is  that  of 
limiting  rather  than  controlling.  Provided  that  the  maximum 
exhaust  temperature  has  not  been  exceeded,  the  output  of  ampli- 
fier 26  remains  at  null. 

The  final  amplifiers,  27  and  28,  Increase  the  overall  con- 
trol gains  to  the  proper  levels  and,  in  addition,  provide  power 
staging  to  drive  the  metering  valve  diaphragm. 

2.1.3  Mechanical  Design 

2. 1.3.1  Fuel  and  Air  Bleed  Ccantrol  - Primary  mechanical  con- 
sideratlons  in  the  design  ot  the  control  were  that  it: 

1.  Fit  the  existing  gearbox  mounting  flange  and 
drive  shaft. 

2.  Provide  adequate  gearbox  clearance  for  mounting 
bolts,  lines,  fittings,  etc. 
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3.  Not  violate  engine  external  envelope  dimensions. 


4.  Provide  accessibility  to  adjustment  points. 

5.  Meet  the  environmental  extremes  of  the  appro- 
priate military  specifications  for  the  complete 
engine  system. 

6.  Be  modularized  in  construction  to  facilitate 
overhaul  and  field  repair  if  required. 

7.  Meet  the  design  goals  of  reduced  cost  and 
increased  reliability. 

During  the  initial  design  phase,  engine  assembly  and  in- 
stallation drawings  were  studied,  and  measurements  of  production 
engines  on  the  assembly  line  were  made.  Several  preliminary 
control  layouts  were  drawn  and  evaluated  against  the  goals 
stated  above.  Proven  production  parts  or  subassemblies  were 
selected  where  possible  to  reduce  design  and  purchasing  costs. 
Design  reviews  were  held  with  personnel  from  other  controls 
groups  within  AlResearch  to  obtain  additional  expertise  and 
avoid  possible  known  pitfalls.  And  finally,  standard  aircraft 
design  practices,  with  regard  to  materials,  finishes,  seals, 
and  fasteners  were  followed  throughout.  A cutaway  view  of  the 
hydromechanical  portion  of  the  finalized  design  is  shown  in 
Figi.re  10. 

As  shown,  two  major  components  or  assemblies  are  employed, 
the  fuel  pump  assembly  and  main  body  assembly.  The  fuel  pump, 
with  minor  modifications,  is  identical  to  that  used  on  another 
AlResearch  gas  turbine  engine,  the  Model  GTCPlOO-54,  developed 
as  a ground  power  unit  for  the  U.S.  Navy  (BUWEPS) . These  modi- 
fications will  be  discussed  in  a subsequent  paragraph. 

The  main  body  assembly  consists  of  a cast  alumimun  housing 
which  serves  to: 

(a)  Align  the  upper  ar  1 of  the  gear  pump  shafts 

(b)  Provide  porting  for  fuel 

(c)  House  the  metering  valve  components 

(d)  Mount  the  fluidic  manifold  and  circuits 
(not  shown) 

(e)  Mount  the  fluidic  supply  pressure  regulator 
(not  shown) 
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As  described  earlier,  fluidic  air  pressure  by 

iphragm  37  which  transmits  a foro^through  rods  and 

.3^  to  dgflect  the  flex^duot  valve J^.  Pivoting^^a  sealing  of 
€He  rod  Q3  is  accomplished  by  pinH^aad  O-r^g  respectively. 
Fuel  noz^e  pressure  is  senssj^by  ^aphragm  ^ ima  the  feedback 
force  is  transmitted  via  rod 

Fluidic  air  pressure  signals  imposed  on  diaphragm  © are 
relatively  low  (less  than  30  psig) ; consequently,  a conventional 
silicone  elastomer  on  a nylon  fabric  was  employe^  The  high 
pressure  levels  imposed  upon  the  fuel  diaphragm  09,  however, 
necessitated  a different  approach.  Several  confi^rations  of 
bellows  or  metallic  diaphragms  were  considered,  but  ultimately 
rejected  due  to  cost  considerations.  The  final  solution  con- 
sisted of  a formed  polylmide  diaphragm  (KAPTON  H500XH667)  manu- 
factured by  E.  I.  Dupont  De  Nemours.  This  material  was  found 
to  have  good  strength  to  temperatures  in  excess  of  600  degrees  F 
and  good  flexibility  when  Immersed  in  liquid  nitrogen  (minus  325 
degrees  F) . It  is  also  unaffected  by  all  aircraft  fuels.  Care 
must  be  taken,  however,  to  provide  generous  radii  on  the  mating 
diaphragm  retainers  as  the  material  is  subject  to  tearing.  It 
can  be  bonded  to  a mating  part  with  conventional  silicone 
adhesives. 

Figure  11  shows  the  internal  configuration  of  the  gear-type 
fuel  pump  and  "chopper"  assembly.  The  modifications  required 
for  use  in  this  application  included  remachining  the  mounting 
flange  to  a bolt  pattern  compatible  with  the  GTCP85-180  engine 
and  replacement  of  the  main  shaft  with  a newly  designed  shaft 
to  provide  mounting  of  the  "chopper"  disc. 

Photographs  of  the  complete  fuel  and  air  bleed  control  unit 
are  presented  in  Figures  12  and  13. 

2. 1.3. 2 Exhaust  Gas  Temperature  Sensor  - Design  criteria  for 
the  exhaust  gas  temperature  sensor  included  the  following 
considerations : 

1.  To  fit  the  existing  mounting  boss  in  the  engine 
exhaust  pipe. 

2.  To  be  made  of  materials  compatible  with  the 
expected  temperature  range  (minus  65  to  1500F) . 

3.  To  exhibit  a first-order  time  constant  of  approxi- 
mately 1.5  seconds. 

4.  To  meet  the  environmental  extremes  of  the  appro- 
priate military  specifications  and  the  goals  of 
reduced  cost  and  increased  reliability. 
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Figure  13.  Fluidic  Fuel  and  Air  Bleed  Control. 
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r Figure  14  is  a photograph  of  the  completed  sensor.  As 

shown,  the  sensor  consists  of  three  primary  parts,  the  sensing 
^ tube,  fluidic  amplifiers,  and  main  body.  The  sensing  tube  is 

[ formed  from  0.125-lnch  0.0.,  0.010-inch  wall  thickness, 

Hasteloy  X material.  The  fluidic  amplifiers  are  circular 
elements,  chemically  milled  from  GRES  347  sheet  stock  and 
bonded  together  to  form  an  integral  subassembly.  The  main 
body  is  machined  from  a GRES  347  casting.  Its  main  functions 
are  to  mount  the  sensor  on  the  existing  engine  boss  and  communi- 
cate the  supply  air  to,  and  output  signals  from  the  fluidic 
amplifier  subassembly.  All  three  subcomponents  are  furnace- 
brazed  together  to  form  the  complete  sensor. 

2. 1.3. 3 Load  Valve  - The  load  valve  used  during  the  engine 
test  phase  of  the  program  was  a production  unit  (Part  109644) 
modified  slightly  to  accept  fluidic  input  signals.  A photograph 
of  the  valve  is  presented  in  Figure  15.  As  shown,  the  valve 
consists  of  a 4-lnch  diameter  flow  section  with  butterfly 
closure,  driven  through  a bell  crank  mechanism  by  a diaphragm 
actuator . 

The  modification  required  to  convert  the  valve  to  fluidic 
input  involved  removal  of  a two-way  solenoid  valve  assembly  and 
the  addition  of  an  adaptor  manifold  and  fluidic  circuit.  The 
adaptor  manifold  provides  a means  of  mounting  the  fluidic  cir- 
cuit and  ports  the  fluidic  differential  output  pressure  to  the 
two  sides  of  the  actuator  diaphragm.  The  fluidic  circuit  is  a 
simple,  3-stage  gain  block  which  eunplifies  the  signal  generated 
by  the  temperature  circuit  described  earlier. 

2.2  FABRIGATIOM  AND  BENGH  TESTING 


led-Senslng  Glrcult 


Fabrication  of  the  speed  sensing  frequency-to-analog  (F/A) 
circuit  was  accomplished  utilizing  standard  AiResearch  amplifier 
elements,  in  B-'^lze  format  (0.84  x 0.84  inch).  Gertaln  transfer 
elements  were  hand-modified  to  provide  porting  between  amplifiers 
in  such  a manner  as  to  reduce  the  total  number  of  elements  re- 
quired. Figure  16  shows  the  elements  used  in  the  speed  circuit 
in  their  assembly  order.  AiResearch  part  numbers  are  given  with 
the  prefix  315  omitted.  These  numbers  followed  by  an  "M"  reflect 
the  hand  modifications  which  are  shown  as  darkened  features  on 
the  basic  part.  Orifice  diameters  are  given  in  Inches.  The 
number  of  elements  used  is  "one  each"  unless  noted.  These  parts 
represent  the  physical  hardware  shown  as  elements  1 through  18 
in  Figure  8.  Bench  testing  of  the  circuit  resulted  in  selection 
of  the  number  and  types  of  elements  used  in  the  delayed  path 
(discussed  in  Section  2. 1.2.1  of  this  report)  which  yielded  the 
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highest  gain  while  being  insensitive  to  ambient  altitude  and 
temperature  variations.  Figure  17  shows  the  finalized  perfor- 
mance of  the  F/A  speed  circuit.  The  curves  represent  the  two 
output  pressure  signals  from  elements  14  and  15  of  Figure  8. 

The  gain  of  the  circuit  is  the  arithmetical  difference  of  the 
two  curves  and  is  approximately  3.1  x 10’*'*  psig  per  rpm  at  the 
design  point  speed  of  4200  rpm  (350  Hz). 

2.2.2  Exhaust  Gas  Temperature  Sensor 

The  fluidic  circuit  required  for  the  sonic  oscillator, 
exhaust  gas  temperature  sensor  used  in  the  current  progreun  was 
fabricated  from  the  one-half-inch  diameter  laminates  designed 
during  the  previous  USAMERDC  Program  (Contract  No.  DAAK02-74-C- 
0175)  for  the  GTPR36-61A  engine  control.  Figure  18  shows  the 
elements  used  in  the  temperature  sensor  circuit  in  their  assem- 
bly order.  These  represent  the  physical  hardware  shown  as 
elements  29  and  30  of  Figure  8. 

Testing  of  the  circuit  resulted  in  the  selection  of  ampli- 
fier aspect  ratios  which  produced  reliable  oscillations  over  the 
range  of  temperatures  to  be  sensed  and  at  the  supply  pressure 
level  discussed  earlier.  Proper  function  was  also  required  at 
altitudes  up  to  11,000  feet.  Figure  19  shows  the  resulting 
performance  characteristics  of  the  sensor.  Gain  of  the  sensor 
is  0.18  Hz  per  degree  F at  the  design  point  temperature  of  1200F. 

2.2.3  Temperature  F/A  Circuit  (T  Stack) 

Fad)rication  of  the  temperature  F/A  circuit  was  accomplished 
utilizing  the  B-format  fluidic  elements.  As  discussed  pre- 
viously, this  circuit  is  identical  in  concept  to  the  speed  cir- 
cuit; however,  the  input  frequency  is  higher  (700-800  Hz  rather 
than  350-360  Hz)  resulting  in  a different  combination  of  elements 
in  the  delayed  path.  In  addition,  a three-stage  gain  block  is 
used  which  provides  output  to  the  load  valve,  and  to  the 

summation  stack,  P^.  Figure  20  shows  the  elements  contained 

in  the  temperature  F/A  circuit  in  their  stacking  order. 

Performance  of  this  circuit  (output  of  amplifier  21  in 
Figure  8)  when  combined  with  the  temperature  sensor  is  shown 
in  Figure  21. 
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Figure  18.  Exhaust  Gas  Temperature  Sensor. 
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Figure  20.  Temperature  F/A  Circuit. 
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2.2.4  Suiranation  Circuit 
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Fabrication  of  the  summation  circuit  CS  stacki  was 
accomplished  using  the  C-£ormat  Cl>3  x 1.3  inch)  elements. 

This  was  done  for  two  reasons:  CH  The  ports  in  this  leuninate  y 

size  are  large » thereby  providing  low  pressure  drop  for  the  out-  f 

put  or  driver  stage;  €Uid  (2)  the  electrofluidic  transducer  could 
be  mounted  directly  on  top  of  a stack  of  these  plan  dimensions. 

The  elements  employed  are  shown  in  Figure  22.  It  should  be 
noted  that  the  final  output  amplifier,  element  5013M,  has  one 
output  leg  cutaway  to  vent.  This  modification  was  made  in  order 
to  allow  the  other  active  leg,  which  drives  the  metering  valve, 
to  be  driven  to  as  near  vent  pressure  as  possible. 

Figure  23  illustrates  the  performance  of  the  siunmation 
circuit  with  respect  to  speed  and  exhaust  temperature  (T5)  error 
signals.  As  shown,  the  temperature  signal  does  provide  a limit- 
ing function  with  a gain  of  0.059  psi  per  degree  F.  Assigning  a | 

metering  valve  gain  of  27  psi  per  psi,  the  overall  fuel  atomizer 
pressure  to  temperature  gain  of  the  control  is  1.59  per  degree  F H 

(0.059  X 27)  which  compares  well  with  the  design  goal  of  1.68  Tse  H 

given  in  Equation  (1)  of  Section  2. 1.1.1. 

;•  ii 

The  gain  of  the  speed  control  function  was  observed  to  be  j 

0.052  psi  per  rpm  which  yields  an  overall  fuel  atomizer  pressure 
to  speed  gain  of  1.4  psi  per  rpm  (0.052  x 27)  which  is  also  in  | 

close  agreement  with  the  design  goal  of  1.5  Ne  given  in  y 

Equation  (1) . 1 

The  other  function  provided  by  the  summation  circuit  is  to  \ 

reset  the  speed  control  set  point  as  a function  of  electrical  j 

current  input  from  the  fine  speed  control  unit.  As  previously  ] 

noted,  this  function  is  accomplished  using  an  electrofluidic  ] 

(E/F)  transducer  mounted  on  the  s\mmation  stack.  Figure  24  j 

depicts  the  performance  of  this  device  and  its  effect  upon  the  1 

speed  set  point.  As  shown,  positive  current  input  of  up  to  100  | 

milliamps  raises  the  set  point,  while  negative  inputs  lower  the  j 

set  point.  Precise  linearity  of  this  function  is  not  required 
since  the  device  receives  its  signal  from  an  integrator  in  the  ' 

fine  speed  control  unit.  | 

2.2.5  Load  Valve  Circuit  I 


! The  fluidic  circuit  mounted  on  and  used  to  actuate  the  air 

I bleed  load  valve  was  fabricated  using  C-format  fluidic  elements 

I in  the  assembly  order  given  in  Figure  25.  Supply  air  for  the 

circuit  is  filtered  but  unregulated  air  at  compressor  discharge 
I pressure  (P^q) • Performance  of  the  circuit  when  combined  with 

I the  temperature  (T5)  sensor  and  frequency-to-analog  circuit  is 

presented  in  Figure  26. 
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Flgura  22.  Summation  Circuit 
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LOAD  VALVE  DIFFERENTIAL  PRESSURE,  PSID 


As  shown,  the  overall  gain  of  the  system  was  0.10  psig  per 
deg  F which  was  twice  the  nominal  design  gain  of  0.05  psid  per 
deg  F given  in  Equation  (2)  of  Section  2. 1.1.1.  Although  gain 
reduction  could  have  been  easily  accomplished,  it  was  decided 
to  attempt  the  first  engine  run  at  this  setting.  It  was  con- 
sidered possible  that  the  faster  response  of  the  fluidic  temper- 
ature sensor  (when  compared  with  the  thermostat  system)  would 
allow  higher  gains  to  be  utilized  while  maintaining  the  neces- 
sary system  stability.  If  true,  this  higher  gain  would  result 
in  a more  accurate  overall  control  of  exhaust  gas  temperature. 

The  existing  bleed  load  valve  contains  a spring  whose  pre- 
load holds  the  valve  closed.  A diaphragm  differential  pressure 
of  4.0  psid  is  required  to  initiate  valve  opening  as  shown  in 
Figure  26. 

2.2.6  Hydromechanical  Components 

2. 2. 6.1  Fuel  Pump  - Early  predictions  of  the  flex-duct  metering 
valve  perfozinance  indicated  that  its  flow  and  pressure  recovery 
would  be  approximately  72  and  85  percent,  respectively,  at  the 
design  point  condition.  In  order  to  meet  the  engine  maximiim 
flow  condition  of  460  pounds  per  hour  at  600  psi  atomizer  pres- 
sure, the  fuel  pump  must  be  capable  of  producing  639  pounds  per 
hour  (460/0.72)  at  706  psig  (600/0.85)  baclcpressure. 

The  pump,  which  is  a production  device  with  minor  modifi- 
cations as  discussed  previously,  was  assembled  and  bench  tested. 
The  resulting  pump  performance  is  shown  in  Figure  27.  As  shown, 
the  pump  capacity  is  well  in  excess  of  the  originally  estimated 
requirement.  However,  as  will  be  discussed  in  the  next  section 
of  this  report,  the  additional  capacity  exhibited  by  the  pump 
ultimately  became  a requirement  of  the  system. 

2.2. 6.2  Flex-Duct  Metering  Valve  - The  flex-duct  valve  is  essen 
tlally  a converging-diverging  nozzle  which  is  divided  at  the 
throat  by  a small  gap.  The  converging  secton,  or  nozzle,  is 
fixed  in  place  and  is  supplied  with  fuel  directly  from  the  fuel 
pump.  The  diverging  section,  or  diffuser,  is  flexible  and  is 
deflected  by  means  of  the  diaphragm  and  linkage  system.  Output 
of  the  diffuser  is  ported  to  the  engine  fuel  atomizer.  When  the 
diffuser  is  aligned  with  the  nozzle,  all  of  the  pump  discharge 
flow,  with  the  exception  of  leakage  at  the  gap,  is  directed  to 
the  engine.  When  the  two  are  not  in  alignment,  the  fuel  not 
received  by  the  diffuser  is  collected  and  returned  to  the  pump 
inlet. 
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Fabrication  of  the  valve  was  accomplished  by  photochemically 
producing  a series  of  laminates,  stacking  them  in  the  correct 
order  and  bonding  them.  Figure  28  shows  some  of  the  individual 
laminates  used  on  the  valve  construction.  Elements  4,  5,  and  6 
form  the  nozzle  assembly,  while  elements  1,  2,  and  3 form  the 
flexible  diffuser.  Flow  capacity  of  the  valve  may  be  altered 
by  varying  the  number  of  elements  2 emd  5,  thereby  changing  the 
flow  channel  height.  For  this  application,  a height  of  0.030 
inch  was  used.  Channel  width  at  the  nozzle  throat  was  fixed  at 
0.150  inch.  Figure  29  shows  a cutaway  view  of  the  valve  in  a 
partially  aligned  position.  Figure  30  depicts  the  valve  in  the 
fully  aligned  position. 

All  Icuninates  used  in  the  valve  were  fabricated  from  400 
series  stainless  steel  which,  when  bonded,  provided  a yield 
strength  well  in  excess  of  the  maximum  stress  at  the  base  of 
the  diffuser  when  fully  deflected. 

Bench  testing  of  the  valve  resulted  in  two  modifications 
to  the  initial  design  which  improved  performance.  The  first 
involved  lengthening  the  diffuser  elements  to  reduce  the  nozzle/ 
diffuser  tip  clearance  when  fully  aligned,  and  thus  reduce  the 
leakage  at  the  gap.  The  second  modification  was  the  addition  of 
a sealing  flap  to  one  side  of  the  diffuser  to  further  seal  the 
leakage  gap  when  fully  aligned.  Figure  31  depicts  the  latter 
modification. 
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During  the  analysis  phase,  certain  assumptions  were  made  in 
order  to  size  the  flex-duct  valve  and  predict  its  performance. 

The  major  assvunptions  included: 


o 

The 

nozzle 

flow 

coefficient 

o 

The 

leakage 

gap 

width 

o 

The 

leakage 

gap 

flow  coefficient 

o 

The 

diffuser  efficiency 

Design  of  both  the  nozzle  and  diffuser  were  made  in  accord- 
ance with  established  principles  for  two-dimensional  flow  of 
incompressible  fluids.  Initial  performance  tests  of  the  valve, 
however,  fell  considerably  short  of  the  design  objectives. 

Figure  32  shows  a comparison  of  the  test  results  for  the  fully 
aligned  position.  The  major  cause  of  this  discrepancy  was  con- 
sidered to  be  excessive  leakage  flow  at  the  nozzle/diffuser  gap 
interface.  The  modifications  described  above  resulted  in  the 
improved  performance  shown  (center  curve)  in  Figure  32.  An 
improvement  of  approximately  9 percent  was  obtained  in  the 
operating  range. 
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Figure  28.  Laminates  Used  in  Fabricating 
the  Flex-Duct  Metering  Valve. 


FlIoV^TOATOj^  ZER 


.a^FLOW  from] 

PUMP 


RETURN  TO  PUMP  INLET 


Figure  29.  Cutaway  Side  View  of  Flex-Duct  Metering  Valve 
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Figure  30.  Cutaway  Side  View  of  Flex-Duct  Metering  Valve. 
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Figure  31. 


Flex- Duct  Metering  Valve 
(Receiver  Assembly) . 


Using  the  engine  maximum  atomizer  requirements  of  600  psi 
emd  460  pounds  per  hour#  the  metering  valve  input  requirements 
were  computed#  using  the  data  of  Figure  32#  and  compared  with 
the  fuel  pump  output  characteristics.  The  results  of  this 
matching  process  are  given  in  Figure  33.  As  shown#  the  circled 
intersection  points  reveal  the  operating  condition  of  the  com- 
bined punqp/me taring  valve  system. 

The  improved  flex-duct  valve  was  found  to  backpressure  the 
pump  only  40  psi  (700-660)  higher  than  predicted.  This  was  not 
considered  excessive  with  regard  to  pump  life;  therefore#  no 
additional  modifications  to  the  flex-duct  valve  design  were 
considered. 

2. 2. 6. 3 Complete  Metering  Valve  System  - The  fuel  pump#  dia- 
phragms# pivot/linkage  mechanism#  and  flex-duct  valve  were 
assembled  and  tested  on  the  fuel  test  stand  using  MIL-F-7024B# 
Type  II#  calibrating  fluid.  Initial  tests  revealed  that  the 
overall  gain  (atomizer  pressure  to  fluidic  pressure)  of  the 
metering  system  was  considerably  lower  than  required.  The 
observed  value  was  19  to  1 while  the  required  gain  was  27  to  1. 

It  was  determined  that  the  effective  area  of  the  Kapton  diaphragm 
used  to  sense  atomizer  pressure  was  excessive.  In  other  words# 
it  was  flexing  nearer  its  outer  radius  rather  than  at  the  center 
of  its  convolute.  To  remedy  the  problem  a smaller  diaphragm 
retainer  was  machined  and  new  diaphragms  were  fabricated. 

Testing  of  the  new  diaphragms  revealed  that  the  correct 
effective  area  had  been  obtained;  however#  several  diaphragms 
failed  by  tearing  at  atomizer  pressures  of  from  600  to  650  psig 
(600  psig  is  the  nuucimvim  required  by  the  engine)  . This  problem 
was  solved  by  doubling  the  diaphragm  thickness  to  0.010  inch. 

No  diaphragm  failures  were  experienced  with  this  configuration# 
although  atomizer  pressures  of  up  to  800  psi  were  sustained. 

Figure  34  depicts  the  performance  of  the  complete  metering 
valve  system.  As  shown#  some  nonlinearity  was  observed  which 
was  attributed  to  the  increased  diaphragm  thickness.  When  com- 
bined with  the  inverse  nonlinearity  of  the  fuel  atomizer,  this 
metering  valve  characteristic  does  not  pose  a problem.  Hyster- 
esis of  the  metering  valve  system  is  extremely  low  as  shown  by 
the  small  difference  between  the  increasing  emd  decreasing 
curves . 

Overall  gain  of  the  valve  is  26.5  psi  per  psi  which  com- 
pares favorably  with  the  design  goal  of  27.1  psi  per  psi. 
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2.3  FINAL  BENCH  CALIBRATION  OF  THE  COMPLETE  CONTROL 

Bench  testing  of  the  complete  control  Involved  confirming 
proper  operation  of  the  unit  in  four  basic  areas:  acceleration 

limiting  for  engine  starting,  governor  action  at  rated  speed, 
speed  reset  capability  of  the  electrofluidic  (E/F)  transducer, 
and  exhaust  temperature  override  of  the  load  valve  position  and 
maximum  fuel  flow.  The  first  three  were  accon^lished  on  the 
fuel  test  bench  while  the  last  function  was  confirmed  in  the 
exhaust  rig  (a  natural-gas- fired  flame  tube  simulating  the 
exhaust  of  a turbine  engine) . 

The  acceleration  limiting  fxinction  was  tested  by  operating 
the  control  at  several  constant  pump  speeds  emd  recording  fuel 
atomizer  pressure  while  varying  the  inlet  pressure  to  the  com- 
pressor discharge  pressure  port.  Results  of  this  test  are  given 
in  Figure  35.  As  shown,  the  slope  of  the  acceleration  curve 
varies  from  approximately  12  psi  per  psi  to  17  psi  per  psi 
depending  upon  pump  speed.  Since  compressor  pressure  is  a 
function  of  engine  speed,  some  average  of  these  extremes  would 
be  experienced  during  actual  starting  of  the  engine.  In  addi- 
tion, since  this  slope  is  readily  adjustable  through  the  use  of 
a needle  valve  built  into  the  control  body,  no  change  was  made 
pending  engine  test  results.  The  atomizer  pressure  at  1000  rpm 
represents  the  required  engine  light-off  value  given  in 
Equation  (1)  of  Section  2. 1.1.1. 

Governor  action  of  the  control  was  tested  by  slowly 
increasing  pump  speed  at  constant  (40  psig)  compressor  pressure 
while  recording  fuel  atomizer  pressure.  Results  of  the  final, 
pre-engine-run  calibration  are  given  in  Figure  36.  As  shown, 
the  governor  performance  is  quite  linear  for  fuel  atomizer 
pressures  above  150  psig  and  exhibits  a gain  of  1.8  psi  per 
rpm,  which  is  slightly  higher  than  the  target  value  of  1.50. 
Figure  36  also  shows  the  proper  operation  of  the  E/F  transducer 
in  resetting  the  governor  curve  as  a function  of  input  current. 

Final  calibration  of  the  ten^erature  override  functions  was 
made  by  immersing  the  exhaust  gas  sensor  into  the  simulator  rig 
described  above  and  making  two  adjustments.  The  first,  which 
limits  fuel  flow  during  e.ngine  starts,  was  a needle- valve 
adjustment  on  the  control  itself.  This  was  set  to  initiate 
fuel  reduction  at  1250F.  The  second  adjustment,  which  ested}- 
lishes  the  air  bleed  load  valve  setting,  was  made  on  a needle 
valve  located  on  the  load  valve  to  initiate  butterfly  closure 
at  1150F. 
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Figure  35.  Acceleration  Limiting 
. Performance  of  Control. 
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2 . 4 ENGINE  TESTING 


Engine  testing  of  the  fluidic  fuel  and  air  bleed  load 
control  system  was  conducted  in  the  AiResearch  led^oratory 
during  the  period  from  July  19  through  July  28,  1976.  The 
engine  used  in  the  testing  was  an  AiResearch  Model  GTCP85-180 
gas  turbine  engine,  Serial  Number  P-982C,  bailed  from  the  U.S. 

Air  Force  Logistics  Command,  Seui  Antonio,  Texas.  Figures  37, 

38,  and  39  show  several  views  of  the  engine  including  the  loca- 
tion of  the  three  major  components  of  the  fluidic  control  system 
as  well  as  other  engine  features.  Prior  to  testing,  a 400-cycle 
alternator  was  movinted  on  the  large  circular  drive  pad  on  the 
forward  end  of  the  engine. 

Initial  attempts  to  start  the  engine  resulted  in  a "hung" 
condition  at  approximately  35  percent  speed.  This  difficulty 
was  traced  to  excessive  pressure  drop  through  the  lines  and  air 
filter  used  to  supply  compressor  discharge  pressure  to  the  con- 
trol. The  lines  were  replaced  with  the  next  larger  size,  and 
an  air  filter  of  larger  capacity  and  lower  flow  resistance  was 
installed.  Several  additional  start  attempts  were  required 
during  which  the  start  flow  and  temperature  override  settings 
were  adjusted.  Following  these  adjustments,  successful  starts 
were  made  as  shown  in  the  left-hand  portion  of  Figure  40. 

Exhaust  gas  temperature  was  limited  to  a maximum  of  125 OF,  as 
shown  by  the  high  response  thermocouple  trace  and  start  times 
were  of  normal  duration,  26  to  30  seconds. 

When  the  electronic  fine-speed  control  (integrator)  was 
energized,  the  system  was  found  to  be  unstable.  Reduction  of 
the  integrator  gain  resulted  in  marginally  stable  operation; 
however,  the  control  would  not  maintain  speed  at  100  percent 
(400  Hz  alternator  frequency)  with  load  addition.  The  center 
portion  of  Figure  40  illustrates  this  speed  "droop"  with  bleed 
load  addition.  In  auidition,  excessive  (greater  than  2 percent) 
speed  overshoots  were  experienced  with  sudden  bleed  load  removals 
as  shown  in  the  right-hand  portion  of  Figure  40. 

Evaluation  of  the  results  of  these  first  engine  tests 
resulted  in  the  following  conclusions. 

1.  Proportional  speed  gain  of  the  fluidic  control 
was  too  low,  especially  at  the  no-load  (low 
fuel  flow)  condition. 

2.  Flow  capacity  of  the  output  fluidic  amplifier 
was  insufficient  to  rapidly  drive  the  large 
metering  valve  diaphragm. 


Figure  37.  Controls  on  Model  GTCP85-180  Engine 
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3.  Items  1 cuid  2 resulted  in  an  iinderdamped 
system  which  would  accept  only  a minimal 
amount  of  integral  (fine- speed  control) 
gain. 

4.  The  minimum  flow  capability  of  the  control 
was  too  high,  allowing  excessive  speed  over- 
shoots during  load  removals. 

Based  upon  these  conclusions,  the  following  corrective 
measures  were  taken. 

1.  An  additional  stage  of  amplification  was 
added  to  the  final  gain  cascade  of  the 
summation  stack. 

2.  The  aspect  ratio  of  the  final  output  fluidic 
amplifier  was  increased  from  three  to  four 
laminates. 

3.  The  length  of  the  metering  valve  push  rod 
was  decreased  and  the  valve  was  readjusted 
to  obtain  lower  minimum  flows. 

The  control  was  retested  on  the  fuel  test  bench  with  the 
resulting  performance  shown  in  Figure  41.  When  con^ared  with 
Figure  36  of  Section  2.3,  it  may  be  seen  that  the  proportional 
gain  was  increased  from  1.8  psi  per  rpm  to  3.6  psi  per  rpm,  and 
that  the  minimum  atomizer  pressure  (euid  therefore  fuel  flow)  was 
reduced  from  125  psi  to  100  psi.  Increasing  the  gain  of  the 
fluidic  output  stages  also  helped  to  diminish  the  vindesirable 
"rounding"  of  the  curve  at  the  lower  end. 

Engine  testing  of  the  control  system  with  the  modifications 
described  6d>ove  revealed  that  the  former  problems  had  been 
resolved.  Figure  42  shows  one  run  in  which  several  combinations 
of  maximum  bleed  load  emd  electrical  shaft  load  were  applied  to 
the  engine.  As  shown,  transient  speed  over  and  undershoots 
during  step-load  applications  were  maintained  within  the  plus 
or  minus  two  percent  band  as  required  by  the  model  specifica- 
tion. Full  electronic  Integral  gain  was  applied  to  the  system 
with  no  sign  of  Instability  observed.  In  addition,  limiting 
of  exhaust  temperature  through  modulation  of  the  load  valve 
position  was  observed  to  be  stable  and  accurate. 

One  problem  still  remained,  however,  relative  to  steady- 
state  speed  control  accuracy.  As  shown  in  Figure  42,  during 
any  constant  load  condition,  speed  fluctuations  greater  than 
the  allowable  plus  or  minus  1/4  percent  were  observed.  Several 
attemps  to  remedy  this  problem  were  made  during  the  short  time 
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Figure  41.  Speed  Governing  Function 
'With  Increased  Gain. 
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available  prior  to  demonstration  of  the  system,  but  without 
success.  Evaluation  of  the  problem  and  plans  for  solution  are 
presented  in  the  following  sections  of  the  report. 

2.5  POST -ENGINE  RUN  EVALUATION 

As  a result  of  the  engine  tests  described  in  the  previous 
section,  it  was  concluded  that  the  fluidic  fuel  and  bleed  load 
control  system  met  all  of  the  design  goals  with  the  exception 
of  steady-state  speed  accuracy  due  to  noise  generated  in  the 
fluidic  circuit. 

Accordingly,  a series  of  bench  tests  were  conducted  to 
determine  the  source  of  this  noise  within  the  fluidic  circuit. 
In  order  to  accomplish  this,  a new  laboratory  chopper  drive 
system  was  fabricated  which  allows  engine  speed  to  be  simulated 
and  held  constant  within  0.1  percent.  In  addition,  a miniature 
transistor-type  pressure  transducer  was  fabricated.  This  unit 
was  installed  between  elements  in  a fluidic  stack,  and  was 
capable  of  responding  to  pressure  pulsations  in  the  frequency 
range  of  interest. 

With  these  diagnostic  tools,  the  fluidic  freguency-to- 
analog  speed  circuit  and  summation  circuit  were  evaluated  and 
the  following  observations  were  made: 

1.  The  overall  signal-to-noise  ratio  from  speed 
input  to  fluidic  pressure  output  was  only 
3.0  to  1 (over  the  200  rpm  control  band). 

2.  Signal-to-noise  ratio  of  the  F/A  circuit  was 
approximately  4.0  to  1. 

3.  All  digital  elements  in  the  F/A  circuit  were 
switching  properly. 

4.  The  rectifier  element  .n  the  F/A  circuit 
exhibited  high  flow  noise  characteristics. 

Based  upon  these  observations,  it  was  apparent  that  the 
fundamental  source  of  noise  was  the  F/A  circuit  and,  in  par- 
ticular, the  rectifier  element. 

It  then  was  concluded  that  an  order  of  magnitude  improve- 
ment in  signal-to-noise  ratio  must  be  made  in  the  overall  con- 
trol performance  in  order  to  achieve  the  required  steady-state 
control  accuracy.  Two  simultaneous  approaches  to  solving  the 
noise  problem  were  formulated.  The  first  involves  a modifica- 
tion of  the  F/A  circuit  to  operate  on  a second  order  principle, 
as  opposed  to  the  linear  approau*:  used  in  the  present  circuit. 
With  such  a circuit,  rectifier  action  will  occur  over  a much 


smaller  speed  range  and  produce  an  output  of  significantly 
higher  gain.  A circuit  of  this  type  has  been  designed  emd 
testing  has  been  initiated.  The  second  approach  involves 
redesigning  the  rectifier  element  itself.  Mr.  Frank  Manion, 
Harry  Dicunond  Ledioratories , reviewed  the  perfonnance  character- 
istics and  design  of  the  present  rectifier  following  the  engine 
demonstration  runs  and  offered  suggestions  which  are  being 
incorporated  into  the  design  of  a new  rectifier. 


3.  CONCLUSIONS  AND  RECOMMENDATIONS 


The  development  program,  bench  tests,  and  engine  tests 
described  in  this  report  have  shown  that  the  fluidic  fuel  and 
air  bleed  load  control  system  met  the  basic  control  require- 
ments of  the  GTCP85-180  gas<  turbine  engine.  The  specific  design 
goals  of  engine  starting,  temperature  limiting  through  load 
valve  modulation,  and  electrical  speed  reset  were  met.  One 
design  goal  was  not  achieved.  Spurious  noise  generated  in  the 
fluidic  frequency-to-analog  speed  circuit  resulted  in  a steady- 
state  engine  speed  error  of  plus-or-minus  1.0  percent  which 
exceeds  the  plus-or-minus  0.25  percent  limit  estcd>lished  in  the 
engine  specification.  Corrective  measures  have  been  formulated 
to  improve  the  speed  circuit  signal-to-nolse  ratio.  These  will 
involve  circuit  modifications  to  increase  gain  in  the  operating 
speed  range  and  redesign  of  the  rectifier  element  to  reduce 
flow-generated  noise.  Additional  bench  and  engine  tests  are 
planned  to  confirm  that  the  modifications  result  in  the  speed 
control  accuracy  required  by  the  engine  specification. 


The  successful  completion  of  this  phase  of  the  progreun 
leads  to  the  recommendation  that  the  initial  objectives  of  the 
total  progrcun  be  pursued,  which  is  the  field  evaluation  of  a 
substantial  number  of  systems. 
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